graphic procedure for separating the four distinct fractions of bilirubin (unconjugated, monoconjugated, diconjugated, and protein-bound) in pathological human serum (J. Chromatogr. 226: [391] [392] [393] [394] [395] [396] [397] [398] [399] [400] [401] [402] 1981) . We have modified the prechromatography precipitation of the serum globulins required in that method and have measured the bilirubin content of the precipitate spectrophotometrically.
On average, the precipitate contained less than 10% of the total bilirubin in the serum samples.
Adding the value obtained for the precipitate to that obtained by chromatography for the individual bilirubin fractions gave an estimate of the concentration of the total bilirubin in the sample.
For 357 samples from 132 patients, this total value correlated well with that obtained by the Jendrassik-GrOf diazo procedure (slope = 1.00; r = 0.995, linear least-squares fit). The CV for the total and fractional bilirubin measurements was, on average, 5% for pathological sera. Serum sampled at different times from the same patient showed significant changes in the distribution of bilirubin among the four fractions.
Only two of the published liquid-chromatographic methods for separating the bilirubin species in serum (1-9) have been demonstrated to separate, on the column, the proteinbound bilirubin species (8) as well as the more familiar diconjugated bilirubin (7) , monoconjugated bilirubin (/3), and unconjugated bilirubin (a). The open-column chromatographic procedure of Kuenzle et al. (8, 9) required a large volume of serum and destruction of the packed column after every analysis-obviously a tedious procedure.
In the "highperformance" liquid-chromatographic (HPLC) procedure we described earlier (1) the column was relatively long-lived and gave reproducible separations for samples with a concentration of total bilirubin 130 mg/L.
We have modified the earlier procedure by adding two steps, which allow one to quantify the total and fractional bilirubin in serum. First, before interfering globulins are precipitated prior to chromatography by added sodium sulfate, the serum is incubated at 37 #{176}C with an equal volume of a solution of ascorbate-stabilized, phosphate-buffered, human serum albumin. Especially for samples with high concentrations of mono-and diconjugated bilirubin (/3 + 7), this treatment improves the analytical recovery of the bilirubin species for the subsequent liquid-chromatographic separation.
Second, the protein fraction, removed by precipitation and filtration, is resolubilized in a solution of urea, mercaptoethanol, and Tris buffer. raphy is estimated by comparing their peak areas with those obtained when unconjugated bilirubin-albumin standards, diluted in the same matrix, are chromatographed.
Materials and Methods
All bilirubin-containing samples were handled under yellow-filtered light. 
Prechromatographic Treatment
After 0.25 mL of HSA diluent was added to each sample vial (usually we treated seven samples at one time), the vials were sealed, gently shaken to ensure mixing, and then placed in a 37-39 #{176}C water bath 1-2 cm deep. After 20 mm all vials were removed from the bath and treated two at a time with 7 mL each of sodium sulfate solution to precipitate the serum globulins. After resealing and shaking the vials thoroughly, we replaced them in the water bath for 1.5-2.0 miii. The turbid contents were removed with a 10-mL plastic syringe and transferred to a chamber in the Amicon ifitration unit, assembled with a single 0.45-sm pore-size Millipore filter in place. We did not use the Gelman prefilter that we used in our earlier work (1) because the prefilter increased the filtration rate but it also made it difficult to determine, while filtering samples, whether a filter had broken.
The entire unit was tightened together as tightly as possible with hand pressure only, and filtration proceeded under pressure (345 kPa; 50 psi) with helium. Each chamber was connected with plastic tubing to a 25-mL volumetric flask. Each receiving flask contained 1.5 mL of the 100 g/L ascorbic acid solution.
Immediately after sample addition, the filter chamber was stirred and then pressurized to force ifitration in a reasonable time (-4-20 mm/sample; average -10 mm). Samples with high concentrations of total bilirubin generally took longer to filter. We then added a second 7-mL aliquot of sodium sulfate to each of the vials that had contained the serum samples, which were then sealed and reheated.
After the initial ifitration of all samples was completed, the pressure was released from each filtration chamber, and another 0.25 mL of HSA and 0.25 mL of water were added. The unpressurized chambers were stirred for 1 mm. The time was kept to a minimum because the HSA solution can redissolve some of the precipitated globulins, which, if allowed to pass through the filter into the receiving flask, would degrade the chromatographic column. After the rapid HSA wash, the sodium sulfate aliquot, which had been reheated in the original sample vial, was added to the appropriate filtration chamber. The samples were stirred rapidly for -1 mm to reprecipitate completely any redissolved globulins, then pressure was applied to force the solution through the precipitate. The wash was collected in the same volumetric flask as the first filtrate. The samples were diluted to volume with distilled water.
HPLC Separation
The HPLC separation of bilirubin species was the same as that described earlier (1) except that 800-j.L samples were injected. Two injections of each sample were made in a mirror-image sequence (i.e., order of injection: std. 1, sample 1, sample 2, std. 2, sample 2, sample 1, std. 3) during each overnight run, to minimize the effects of hydrolysis while the samples awaited injection and to check whether an incorrect sample volume had been injected.
Recovery of Globulins
After the filtrates were collected and diluted to volume, 1 mL of the urealmercaptoethanol reagent was added to each filtration chamber and stirred for 2 mm; the filtration chambers were repressurized and the redissolved globulins were collected in 5-mL screw-cap vials. The chambers were then rinsed with 0.5 mL of urea/mercaptoethanol reagent, which was collected in the same vials. The recovered precipitates were transferred to semimicro cuvettes and scanned from 650 to 350 nm vs urealmercaptoethanol.
Calculations
To stabilize standard bilirubin-albumin solutions prepared in human serum albumin solution (50 g/L), we added 0.25 mL of ascorbic acid solution (100 g/L) per 100 mL of albumin solution and adjusted the pH to 7.3-7.4 before dilution to volume. To ensure complete dissolution of the unconjugated bilirubin, we used dimethyl sulfoxide and sodium carbonate (0.1 molIL), as described by Routh (10), and thorough ultrasonic mixing (2-5 mm, no specks visible) before diluting with the HSA solution. One stock bilirubinalbumin solution containing -200 mg of unconjugated bilirubin per liter was diluted serially with the HSA solution (50 g/L) to make calibrator solutions with concentrations as low as 5-8 mg/L. Each of these solutions was split into -0.5-mL aliquots and stored until needed in separate sealed 5-mL screw-top vials in a freezer. These calibrator solutions (at least seven different concentrations)
were used for about one month. As demonstrated by Doumas (10), these standards may have decomposed by as much as 2% during one month. In contrast, standards for the diazo procedure were stored at liquid-nitrogen temperature, where no decomposition would be expected.
For each day of HPLC analysis, we thawed a fresh series of the calibrator bilirubin-albumin solutions and transferred 0.25 mL of each to individual 25-mL volumetric flasks that contained 0.5 mL of the 100 g/L HSA diluent. We then added to each flask 1.5 mL of ascorbate solution (100 g/ L) and 14 mL of sodium sulfate solution (277 gIL). Before we injected these standards onto the HPLC column, we diluted them to volume with distilled water. Using the resulting peak
Because the standards contained albumin, a peak corresponding to the 6-fraction (protein-bound bilirubin) position in the chromatograms was observed at 436 nm, even though no 6 bilirubin was present. This occurs because the absorption spectrum of albumin that we used to make up the concentrated standards, as well as for the HSA diluent, extends beyond 436 nm. Since albumin and 6 bilirubin coelute, correction must be made for the contribution of albumin to the 6 peak in serum samples. The area of this "pseudo-6 peak" was averaged for all standards run in one day and usually was equivalent to 8 mg of unconjugated bilirubin per liter (SD -1 mg/L). Because the same concentration of albumin was added to the samples as to the standards, we subtracted the average value obtained for the standards from the value observed for 6 bilirubin in each serum injection.
After correcting the 6-bilirubin areas for each sample injection for the albumin blank, we summed the areas of all the bilirubin peaks for each sample injection, then calculated the fractional amount of each bilirubin peak by dividing each by the total area. The values for both injections from one sample were then averaged. Using the averaged total area for a sample and the slope and intercept obtained from the linear least-squares fit of the standards, we estimated the concentration of the total bilirubin species that remained soluble in the samples.
To estimate the bilirubin remaining with the precipitated proteins, we scanned the absorbance from 650 to 350 nm of 0.25 mL of a series of bilirubin-albumin calibrators added to 1.5 mL of the urealmercaptoethanol solution. From the maximum absorbance monitored in the range 420-450 nm and the concentration of bilirubin added, a linear leastsquares fit of the data was calculated. Alternatively, we also constructed a linear standard curve by standard addition of bilirubin-albumin calibrators to proteins precipitated from serum samples that had already been redissolved in ureal mercaptoethanol.
Nearly the same slope (3% difference) and intercept were obtained by either method. By applying a correction for volume differences between samples and these standards, we used the slope and intercepts to calculate the concentration of bilirubin removed with the redissolved proteins from serum samples.
We made this calibration twice and used it for all the samples in the study.
For the redissolved globulins from serum samples in urea/ mercaptoethanol solution, we used the maximum absorbance in the range 405-450 nm in the calculations. This wide range was used because the precipitates, depending on the relative concentration of fractions in the samples, may include any of the bilirubin fractions, the maximum absorbances of which vary within these limits. For very turbid samples (as noted visually or determined from scans of the urea/mercaptoethanol solution), the bilirubin value for the precipitate could not be estimated. For samples that were not turbid (>97%), we estimated the total bilirubin content of the samples by adding the concentration of bilirubin estimated to have been lost with the precipitated proteins to that obtained by summing the peaks from the chromatographic separation.
We estimated the concentrations of each of the bilirubin fractions by multiplying the fractional amounts determined by the chromatographic separation by the concentration of total bilirubin that remained soluble for the chromatographic separation (i.e., the value for the precipitate was not included). Co., Division of Travenol Laboratories, Silver Spring, MD 20910). The dia.zo analyses were carried out either on the same day as the chromatographic analysis or within two weeks, during which time the samples were stored in a freezer. Figure 1 shows typical chromatograms of a pathological serum sample.
Reference Bilirubin Values by the Jendrassik-GrOf Method
Jendrassik-Gr#{243}f diazo values for bilirubin content in serum
Results

ChromatographicSeparation
The inverted upper trace monitored the absorbance of the column eluent at 280 nm, and the lower at 436 nm. The traces are offset by the amount indicated. When the offset is taken into account, the 6 peak on the 436-nm trace eluted at the same time as albumin on the 280-nm trace. The 6 fraction is identified in chromatograrns by its co-elution with human serum albumin.
The retention of uncorijugated bilirubin (a) is determined from standard samples. The assignment of monoconjugate (/3) and diconjugate (y) peaks was made by comparison with purified samples of bilirubin diglucuronide and samples of dog bile, the bilirubin content of which has been characterized by others (13).
The chromatogram in Figure 1 , obtained from separation of processed serum on a fresh column with very good resolution, shows that in many samples minor peaks can be resolved from the four major peaks. We have observed that on hydrolysis of dog bile at alkaline pH in albumin solution a small peak eluted at retention 16.33 mm, most probably from an isomer of the monoconjugate (/3). Thus, in calculating the individual fractions, we added the minor peaks to the large main peaks, as indicated in the Figure. With a column that had poorer resolution, the minor peaks would, in fact, often merge with the larger ones. Excluding the 6 fraction from the HPLC value lessened the correlation (r = 0.967) and decreased the slope to 0.85. Thus, the direct diazo value appeared to measure the 6 fraction as well as the mono-and diconjugated species. That the slope is greater than 1, however, suggests that the direct diazo value does not measure all of this material. Table 2 summarizes precision studies for the chromatographic procedure. For this study six sera, varying in total bilirubin content from 26 to 344 mg/L, were each divided into three aliquots. The average CV for the total bilirubin values was 3.0% and for the individual fractions averaged from ±2.4 to ± 6.2%. Measurement of the precipitate fraction was less precise (CV 22-37%). This result is expected because of the simple procedure used to measure the bilirubin content of the precipitate, which may be a complex mixture of all the bilirubin fractions, albeit at Using this procedure, we have analyzed 357 serum samples from 132 individuals, most with high concentrations of bilirubin. Table 1 is a statistical summary of our data for each fraction, total bilirubin, and the recovered precipitate. On the average the 6 fraction made up the greatest percentage of total bilirubins and the y fraction the least. In fact, in no sample of human serum have we found y, the diconjugate fraction, to be the major component.
Precision.
Analytical Variables
Accuracy.
Over a five-month period the 357 serum samples summarized in Table 1 were quantified by the chromatographic technique and the Jendrassik-Gr#{233}fdiazo procedure to assess the accuracy of the chromatographic procedure. Figure 2 shows the correlation observed for the total bilirubin value by HPLC, including that which remained with the precipitate, y, and for the total found by the diazo procedure, Figure 3 shows the correlation observed for the summation of the 6, y, and /3 bilirubin fractions (y) with the directreacting Jendrassik-Gr#{243}fdiazo value (x). For this calculation, we summed the HPLC value for soluble bilirubin species and that amount which remained with the precipitate and multiplied this total by the fractional sum of 6, y, and /3 bilirubins determined from the chromatographic separation (this assumes that the precipitate contained bilirubin species in the same proportion as observed in the 
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In ppt. The variability in the precipitation step and the variation in the turbidity present after dissolution in urea/mercaptoethanol are reflected in the poor precision for measuring this fraction.
Day-to-day precision values in Table 2 were obtained from five different sera ranging in total bilirubin content from 33 to 292 mg/L and analyzed on each of five successive days. Two samples were lost during the study because of sample mishandling.
The average CV for total bilirubin for this limited sample set was 3.8% and for the individual fractions varied between 3 and 7%.
Interferences.
We investigated three potential spectral or chromatographic interferences: carotene, biliverdin, and hemoglobin. Carotene, because of its hydrophobicity, eluted, if at all with this chromatographic system, only as a broad peak at the end of the gradient run. Although biliverdin did elute early between the y and /3 peaks, at 436 nm its molar absorptivity is much less than that of the bilirubin species, so that for a biliverdin peak to appear in the chromatogram as large as a bilirubin peak, the sample would appear distinctly green. Obviously such abused samples are not suitable for this method. Finally, hemoglobin added to serum samples at 1 g/L led to the elution of minor peaks between the /3 peak and the a peaks. Because these peaks are well resolved from those for the bilirubin species, they present no problem during the chromatographic separation.
However, we could not scan the precipitate from badly hemolyzed samples accurately because of spectral interference from hemoglobin.
Column Lifetime
The useful lifetime of columns used in this study was shorter than reported earlier (1) and not always consistent from column to column. We suspect some batch-to-batch variation in the colunm manufacture.
Although good resolution of the bilirubin species would remain for many more injections, columns usually were not suitable for quantitative work after 80-150 injections of serum.
There were several indicators of column degradation. First, the albumin peak height on the 280-nm recorder traces in standard samples would decrease daily from run to run as the column aged. When the cumulative loss of peak height amounted to -=25% of the height of albumin on the column when first used, losses in the 6-bilirubin peak also became evident during a single day. Reproducibility of the area of the 6-bilirubin peak in duplicate separations during a single day's run changed from a usual variation of a few percent to a systematic loss of 10% or more in the second injection. Thus, the summed area of all bilirubin species for the second injection of each sample was consistently less, rather than randomly lower or higher. Some components in the samples, even after removal of the globulins, apparently still caused some gradual column degradation, which affected primarily the protein-bound bilirubin (6) and which varied with samples and columns.
Variation in the Distribution of Bilirubin Species in Pathological Serum with Time
During this study we obtained multiple samples of serum from the same patients at different times. Figure 4 shows the changes in the total and fractional bilirubin content of one patient's serum. Marked changes in these chromatographic patterns with time were noted for many patients.
Discussion
We chose this reversed-phase HPLC separation because it gave a good separation of the bilirubin species in pathological sera, including the 6-bilirubin fraction, which is tightly bound to protein. Other less acidic or less polar solvent systems did not cleanly separate this component. Unfortunately, not all serum proteins were compatible with this chromatographic system, and for a reproducible and relatively stable separation we first had to precipitate the globulins from serum samples with sodium sulfate (1).
At moderate bilirubin concentrations, precipitation of the globulins present in serum caused no specific losses of any one of the bilirubin species. But as the total bilirubin exceeded 130 mgfL, not only did the percentage losses become greater, but also the chromatographic patterns became distorted because more of the conjugates, particularly y, were lost to the precipitate. The incubation with HSA minimized losses to the precipitate and hence minimized distortion in the observed chromatographic patterns. The measurement of all the bilirubin fractions in our procedure with only unconjugated bilirubin used as a standard material is undoubtedly a source of inaccuracy and imprecision. Another source of error is the spectrophotometric measurement of bilirubin remaining with the precipitate, which may contain various amounts of all the bilirubin fractions, relative to standards containing only unconjugated bilirubin (see Table 2 ). Still, as Figures 2 and 3 demonstrate, these approximations yield good correlations with the more precise diazo values. Moreover, the relative sample-to-sample variation in these fractions in our procedure should be directly proportional to the true changes in concentration in the samples. Often it is the changes in the relative concentrations of the fractions that are of clinical interest (16-19, 20, 22-23) .
Although other HPLC methods may quantify the conjugates (/3 + y) more accurately, owing to the inclusion of reportedly stable standards for these species (2), none monitors the albumin-bound bilirubin (6 fraction). As the data in Table 1 show, overall the 6 fraction represents a substantial HPLC.Rephcate analyses were made on the 16th of the month portion of the total bilirubin in pathological sera (sometimes >80%) and is observed in sera from almost all patients with high concentrations of the conjugates, not just from those patients with a specific disorder (14). In addition, as the correlation from Figure   3 demonstrates, the direct diazo value is affected by this fraction in addition to the /3 and y fractions. Earlier methods, which did not measure the 6 fraction, demonstrated poor correlations between direct diazo values and the corljugates (2, 15), presumably for this reason. Chromatographic methods that do not quantify this fraction are thus likely to incorporate large systematic errors for "real" serum samples.
Furthermore, as the time-course plots for the recovery of a patient demonstrate (Figure 4) , the relative amounts of the fractions, and particularly the 6 fraction, often vary systematically during recuperation.
Thus the overall chromatographic pattern, including the fractional amount of the 6 fraction, may be of some diagnostic significance, as has been reported earlier (16-21). More detailed studies of the patterns from patients included in this study will be presented elsewhere (22, 23 
